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Abstract 
The ultrasonic inspection of polycrystalline media remains a challenge. The high noise levels due to the interaction between the 
wave and the microstructure limit the efficiency of classical ultrasonic techniques to detect a defect in a coarse grain structure. 
The aim of this work is to reduce the influence of multiple scattering in order to increase the information obtained from the 
defect. The technique introduced in this presentation is based on array probes for the acquisition of the medium’s response matrix 
by full matrix capture, after which a filter based on random matrix theory is applied. Here the technique is used on a nickel alloy 
block that presents an unfavourable grain structure and a well known plane defect. In this paper, the results of this new technique, 
with an angle array probe of 128 elements and 5 MHz of central frequency are compared to classical phased array probe 
techniques. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
The ultrasonic inspection of polycrystalline media remains a challenge. The interaction between the wave and the 
microstructure leads to a significant degradation of the ultrasonic signal. In particular, the coarse grains structure 
induces both a strong attenuation and a high noise level. The consequence is a decrease of imaging and 
characterization capabilities of classical ultrasonic techniques. To overcome these difficulties, Aubry et al. [1] have 
developed a specific signal treatment to separate single scattering and multiple scattering contributions. The aim of 
this method, based on random matrix theory, is to reduce the influence of the microstructure. This technique, called 
MSF-DORT (Multiple Scattering Filtered DORT), initially developed and validated on academics samples (fluids 
containing a large number of cylindrical metallic rods) and then applied to polycrystalline steels gave very 
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promising results in terms of detection performances of bulk defects [2]. The aim of the work presented here is to 
study the potential of this technique for plane defects detection in polycrystalline steels. 
2. Principles and method 
The Multiple Scattering Filter DORT (DORT is a French acronym for the decomposition of the time reversal 
operator) uses the transfer matrix K of the medium to filter the multiple scattering contribution, then achieve 
selective target detection. K is acquired using a N-element array probe and a Full Matrix Capture (FMC). The FMC 
is based on N sequences, each of which consists in emitting a pulse with one element and recording the response of 
the N array elements simultaneously. After repeating this sequence for every transmitting element, the N² signals are 
arranged in a matrix H(t). This matrix is truncated in overlapping time windows of duration ΔT, and a windowed 
Fourier transform results in a N-by-N complex matrix K(T,f) for each time T and frequency f. 
K(T,f) is the sum of all wave contributions arriving to the receivers in the time-window [T-ΔT/2;T+ΔT/2], at the 
frequency f. It contains both single scattering (SS) and multiple scattering (MS) contributions: K=KSS+KMS. The 
direct echo from a target is hidden into KSS, while the structural grain noise is partly in KSS and KMS. For imaging 
purpose, we need to eliminate KMS from K as much as possible. 
Aubry et al. [3] have shown two typical behaviors when either SS or MS dominates. When MS dominates, K was 
found to be similar to a classical random matrix, whereas when SS dominates K is similar to a Hankel matrix. This 
has two consequences. Firstly, the statistical distribution of the singular values is not the same in the MS and in the 
SS regimes. Secondly, in the SS regime, the coefficients kab of the K matrix have the following property: whatever 
the realization of disorder, there is a deterministic phase relation between coefficients of K which are on the same 
anti-diagonal, i.e., couples of transmitters (a) and receivers (b) such that a+b is a constant. This relation is: 
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With mp=(xa–xb)/2, xa and xb are respectively the position of the emitter and of the receiver, c is the velocity, 
R=cT/2, p is the pitch of the array and f the frequency. 
Equation (1) implies that whatever the medium, as long as there is only single scattering (KMS=0), the elements 
of K have a long-range deterministic coherence along their anti-diagonals. On the contrary, when KSS=0 and 
multiple scattering dominates there is no such coherence. This is the key to separate single and multiple scattering 
contributions. 
Briefly, the method consists of three steps, detailed in [3]: the total matrix K = KSS + KMS is rotated by an angle 
of 45 ° to form a new matrix A whose columns correspond to the anti-diagonals of K. This A matrix is projected 
onto the singular space of single scattering reflecting the coherence mentioned above (Equation 1). The "filtered" 
version of the A matrix is then rotated back by  -45 ° to give KF, the medium response matrix of the filtered 
component. Ideally, the matrix resulting from this process coincides with the single scattering contribution of the 
initial matrix: KF ĬKSS. Then KF can be used for target detection through the DORT method 
DORT is based on a singular value decomposition of the array response matrix. Indeed, the K matrix can be 
written as K=U.S.V* where U and V are unitary matrices containing singular vectors and S is a diagonal matrix 
containing the singular values of K. Prada et al. [4] have shown that in the very simple case of a homogeneous 
medium which contains less than N point-like targets, as long as multiple scattering between targets is neglected 
then each target can be associated to a singular value and a singular vector. Basically, the singular value λi is 
proportional to the reflectivity of the i-th target, and the corresponding singular vector Vi gives the set of amplitudes 
and delays (phase shifts, in the frequency domain) that must be applied to the array elements in order to focus 
selectively on that precise target. The image Ii of the i-th target is obtained by Ii(T,f)=λi|Vi(T,f)G*(T,f)| where G is 
the matrix associated to the Green function of the homogeneous medium. To obtain the image on the entire 
bandwidth of the sensor, it is sufficient to sum the contributions of all frequencies: 
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This is the process in its entirety i.e., the filtering of the multiple scattering as well as the use of DORT imaging 
which constitutes the MSF-DORT imaging procedure. Shahjahan et al. [2,5] already demonstrated the good 
performances of this process to the detection of a side drilled-hole deeply embedded in a strongly scattering 
polycrystalline medium. In the next part, an application of the MSF-DORT imaging process to the plane defect 
detection will be presented and compared to the Total Focusing Method (TFM). 
3. Detection of plane defect by MSF-DORT imaging 
The experimental study was conducted on two Inconel 600 mock-ups of 90x90x360 mm3 dimensions, with 
different grains sizes. Inconel 600 is a nickel-based alloy commonly used in the nuclear sector. The choice of this 
material is justified by the fact that it has an isotropic structure in terms of elastic properties. Both blocks were 
harvested from the same forged bar. One of these blocks underwent a specific heat treatment to enlarge the grain 
size. A metallographic analysis performed on a sample from both blocks yields the mean grain size: 90 μm for the 
block without heat treatment and 750 μm for the block heat treated. A 20-mm high notch with a 0.5-mm opening 
was machined in each block. The notches are surface-breaking and the tips are located at 70 mm depth. 
Figure 1. TFM and MSF-DORT images at normal incidence: (a) MSF-DORT image of the small grains mock-up, (b) TFM image of the small 
grains mock-up, (c) MSF-DORT image of the coarse grains mock-up and (d) TFM image of the coarse grains mock-up. 
The full matrix responses of the medium H was recorded by using the FMC method with an array probe of 128 
elements with dimensions 0.5x15mm², and a 5 MHz central frequency. 
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A first experiment consists in positioning the probe above each notch for the acquisitions of each mock-up. Then, 
the H matrix is used to obtain the TFM and the MSF-DORT images. Figure 1 presents the images from both 
treatments. In the images of the small grain mock-up (1.a and 1.b) the defect is well detected. Indeed, there are 
echoes from the tip of the notch and from the block’s bottom, whereas in the coarse grains mock-up (1.c and 1.d), 
the structural noise is too important to indentify the notch location or the bottom of the mock-up itself. Another 
solution is needed to image correctly the notch in highly scattering media. 
A possible idea is to use a wedge to insonify the side of the notch more efficiently. Experimentally, we use a 
wedge allowing an oblique shot with a 60° refraction angle in the block. Again, both treatments are performed and 
corresponding images are presented in figure 2. In the small grains mock-up both imaging processes show two 
echoes, one corresponding to the notch head and the second coming from the bottom of the notch. With these two 
echoes, we can access to the defect position and size. The use of the TFM imaging on the coarse grains mock-up 
fails to detect the notch. The structural noise level hides the notch echoes. The MSF-DORT shows interesting result 
on the coarse grain mock-up. Indeed, there are two echoes arriving at the same time as the expected tip and bottom 
notch echoes, but the presence of many others echoes (which may be false alarms) affects the identification of the 
notch. 
Figure 2. TFM and MSF-DORT images of acquisitions with wedge: (a) MSF-DORT image of the coarse grains mock-up and (b) TFM image of 
the coarse grains mock-up. 
4. Conclusion 
The application of MSF-DORT on weakly scattering media indicates a correct implementation of the method and 
gives the same results as the TFM. The results obtained in highly scattering media demonstrate the limits of the 
TFM images. While MSF-DORT gives promising results in the same medium, the presence of unidentified echoes 
still prevents a clear detection of the notch. The method needs some improvement to allow the detection of plane 
defects in highly scattering media. 
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